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INTTIAL TRADE STUDIES
ON
LIQUID ROCKET BOOSTERS
FOR THE STS SYSTEM

Under Contract NAS8-37137, during the time period November 1987 through
February 1988, the following major trade studies were performed with formal

direction by the GDSS Enginecring Review Board.

Some conclusions have subsequendy changed, as noted in the "updates”. They are

provided as background information.

GENERAL DYNAMICS
SPACE SYSTEMS DIVISION






Under DR-10, "Configuration Evaluation and Criteria Plan", fifteen level one trades

were planned. Figure 1 lists these trades plus a sixteenth on separation.

Attached are the results of this work which was completed in February 1988. Note

1.4 "Degree of Recovery/Reuse™ was combined with 1.13 "Recovery System

Selection”.

1.11 "Flight Control Implementation” is not included because it is really an
analysis, not a trade, involving the use of a six degree of freedom flight simulaton model

to analyze required gimbal angles and rates.

Since they were so closely related, trades 1.7 (Chamber Pressure), 1.12 (Tank

Config.) and 1.14 (Pressurization System) are grouped together.

These trades all used the same selection criteria, emphasizing safety and reliability
as shown in Figure 2. Much of this data fed into vehicle concept selection which was made
based on the same criteria. One of the indirect advantages of the formal wade/ERB review
process was to include the whole study team in discussions of LRB requirements,

constraints, assumptions and selection criteria.
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LIQUID ROCKET BOOSTER

Trade Studies .

Listing and Descriptions

Trade Study Title

Trade Study Description

Length - Diameter
optimization

Numbexr of EZngines &
Zngine Out Trade

2bcrt Mode Optimization

Degree of Reccvery/
Reusarility

Propellant Selection

Propellant Selection

Determine the optimum length to
diameter ratio (L/D) and configuratien
of the LRBs to achieve requirced
performance and maintain acceptable
aerodvrnamic locads cn the Orbiter

wings.

Perfoxm an analvsis of Orbiter anéd 1IR3
encine-out capability rsesulting in a
definition of recuired LRB total "
impulse (and thrust level). Selection
of the appropriate sized engine (and
the number of encines required) are
based on thrust recuirenents.

jo 8

Determine imgroved STS abort modes an
scenarics which can be implemented
wich the use cf LR3s. Provice
recommend abert mocdes for all ascent
Z1ight phases. Abor: modes should
offer greater nissicn flexibilicy
ané/ecxr reduced (STS) LCC.

Selec=ion of nc recevery, P/2 necdule
recovery, and/cr tank recovery ncdes.
Determine the degree of reusazility
ané reZurbishment of recovered
ecuipnent.

Select propellants based on.
performance, safety, and LR3
ccnfiguration constraints (L/D) fexr 2
pump fed propellant system. Present
alternatives are: LO2/iLEZ2,

102 /CH4,102/C3E8, LO2/RP-1,

L02/CH4 /LH2, 1O2/C3H8/LEZ,
LO2/RP-1/LE2, N204/A-50,N204/MMH.

Selection of propellants based on
pe-formance, safety, and LR3
configuration constraints (L/D) for a
pressure fed propellant systen.
Present aliernatives are: (see T.S.
1.4)



TS #

1.15

Trade Study Title

Trade Study Description

Chanber Pressure
Selectien

Engine Performanée/
Selection

Ingine Performance/
Selecticn

Ignition Sequence and
Fold Down

1

ight Control
mpl

ementation

Iy

Tank Configuration
Selection )

Recover& Systens
Selection

Pressurization System
Selection

Facility Optimization

Selection of the optimum tank and
chamber pressures to obtain minimum
engine, tank and propellant weight for
a pressure fed LRB propulsion system.

Selection of the appropriate pump fed
engine based on propellant selection
and thrust (also dependent on number
of engines) requirements.

Selection of the apprecpriate pressure
fed engine based on propellant
selection and thrust (also cdependent
on nurper of engines) regquirements.

Investigate ignition seguence, thrus:
build-up, and release characteristics
to minimize the "twang" prior to
lift-ofZ,

Selection of source of flight contvol.
The scurces are LR3 (autononmcus
control), Orbiter G2Cs (as S’RMs), cr a
combinatien.

Selection of the recommended tank
config. & materials including
consideration of insulation and

thermal protection. Both Pump and
pressure fed systems will be
investigated and a recommendation will _
be provided for each type of

propellant system.

Selecticn of the reccmmended LR3
recovery systenms including
consideration of separation,
trajectory, thermal protection,
deployment, control, landing impact
attenuation, landing sites, and
reusability / refurbishment.

Select method and systems for pressure
fed propulsion system’s tank
pressurization.

nine the best launch/MCS concepts to be used
gc;;:gcq:ss and launch the Liquid Rocket Booster
while minimizing interface impacts with the STS.

4
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UPDATE ON TS 1.1 CONFIGURATION
Configuradon Optmizadon involves 2 related areas:

a) To avoid overloading the Orbiter wing (and other constraints) at max alpha q,
non-standard LRB arrangements were considered. MSFC performed wind runnel tests

which directly related to those questions.

This trade study recommended rotadng (or clocking) the large LRB so that the
distance from the LRB skin to the Orbiter wing remained 15 feed at the mean acrodynamic
chord. Later wind runnel data indicated this concept is not as effecdve as hoped and
disturbs the lateral aerodynamics. Based on subsequent wind runnel] data & loads analyses
our current (5/13/88) recommendadon to reliave wing loads is to reduce max alpha q for

larger diameter and longer LRB's which are located on the ET centerline.
b) The second area involves optimum length and diameter dimensions. The SRMs
have an L/D of 12.2. The attached memo explains why we feel this is roughly OK for

LRB.

This ade is subject to updating & refinement.
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UPDATE ON T.S. 1.2 NUMBER OF ENGINES

'The anached memo is a continuadon and update of the original rade study on the
number of engines. It was inidally assumed that the Shuttle crew must be able to safely
perform a contingency abort if one LRB engine failed. This leads to the basic requirement
for a minimum of 2 engines per LRB.

We believe that LRBs must have superior mission reliability to SRBs, if the
program is to be "sold". Therefore we are currenty (5/13/88) sizing LRBs to mest the
extra requirement of abort to orbit with one engine out Minimum thrust-to-weight at
launch to clear the tower with one engine out and nominal T/W at launch for minimum
GLOW are viral consideradons. So is the throttle range.

The attached memo summarizes our belief that 4 engines are the best (safe and
reliable) choice for LRB. More recent performance runs with new constraints for the ET
af: bulkhead are showing requirements for throtling >35% which impacts engine costs
and may be a development ris for LOX/RP.

This wade should b= reevaluarad.
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ORIGINAL PAGE IS 4'
To: Dan Heald Of FOOR QUALITY //K?

From: Gopal Mehta & Paul R. Brennan

Subject: Assessment OL,NL}.I'ﬂbEI' Of Engines Required

Reference: Memo L. Wear 3/18/88. Results Of LR3 Configuration Selection
Review

“This memo is_ a response {o the above action item, and presenis our
reassessment of the number of engines per LRB. 3, 4 and 6 engine
arrangements as shown in Figure 1.0 were evalualed. The results o:scussec
herein are mainly based upon analyses conducted using the LO2/R
pump-fed booster. However the trends represented are considered valid 1or
the other selected LRB concepts. Any significant citierences between
concepts are discussed. Based on results to date, we conclude that 4
engines should be used on all three LR3 concepts.

The criteria by which the number of engines was chosen are summarized
below. These criteria are the same &s those used for the configuration
{rade siudies, and zre ranked in orcer of imporiance.

o

-

1) Saiety/Reliability: The religbility of the propulsive syste

accomplish 2 given mission diminishes as the number of engines increase
To improve sziety, or beher the chances of saving ihe crew anc paylcad
the eveni of an engine failure, it is Ossiradle to have engine-cut ceapability.
It engine out capabilily is designed into the booster, the relizbility of ihe
propulsive sysiem to meset the cesxrcd mission is improved. =xamins rFigur

L (2]

-
1

2.0. The GD ¢geczl is 1o size the LRESs such thai if 2 Docsier engine izils
curing escent, it is siill pessidble for the ordiier 0 c‘eiiv-s ivll ceaylezd 1o
2 rscuced "szie” ordit and reiurn the craw. Tadis | shows relizSility valves
with ang withoul engine-cut capesility using ‘.y, icel pump-isd - eng
pressure-iec relizbility ceata. Bscause Righ rel.;:ni ty -s c’esz'ec', ihe bzsic
snclusion can be Grawn ihat z jour engine arrangemsant is preierred over &
six engine arrangement. -

1N
‘

2) STS Cempatibility: The cuantity ¢f LR3 engines used ziiecis in
MLP/Flame irench, plume/bzse hszling, zerodynamic c©rag comrol of

meiad vehicle, and grounc/ilight cperaticns.

(14} ul

n

(o]
- O



sump-fed engine performance can be achieveC within this limitation.
However, the pressure-fed engine performance (for ¢ engine LREs)
optimizes with nozzle diameters over 90 inches (see Figure 3.0): if 6
engines are used on the LRBs it is easier to optimize engine performance
within the 90 inch nozzle limit. Because the 4 engine pressure-fed booster
optimizes with nozzie diameters greater than 80 inches, we asked our
subcontractors, PRC and Rocketdyne, to assess the possibility of using
nozzle diameters greater than 90 inches. We feel that by shaping the MLP
flamehole side walls and modifying the flame defiectors it will sull be
possible to channel the exhaust into the flame trench. However, scale
model testing will be required to verify/prevent overpressure wave
impingement on the engines or interference -with their cperation. Hence,
although 6 engines are beiter suited for fer the S0 inch diameter iimit,
currently no major impact is foreseen in increasing the exit ciameter
beyond 20 inches to get optimum size/performance using 4 engines.

An initial assessment made by Eagle Engineering suggests that the plume
radiative heating to the orbiter body flap with engines aligned in a vertical
row, rather than a clustered about the booster centerline is more severe
(~10%). To fit within the geometry of the flame trench, the row laycut is
better suited for the 6 engine case (Examine Figure 1.0). However for
either engine layout (in a2 row or clustered around the centerline), the LRB
base heating rzte will be approximately ~30% less than the current SRZs,

The aerodynamic cdrag of 2 3 or 6 engine LRB is expeciec to be greater than
that of the same bocster using 4 engines due to the larger afl skirt zrez
(zssuming the 6 engines are zligned in a row as presented in Figure 1.0).
Presently vehicie control does nct pcse any problem for zll three number of
engine options. For comparison, engine out gimbal zngle were caiculated
using the RP-1 pressure-fed boosier with §4, and 6 engines. The wors:
case wzs the three engine case, anc the larg imszl angle for engine out
n

- cegress.

2. maximum Cynamic pressure was less tha

'
[-3
-

"0 p

m n

s
5

Ground/flight operational complexity will increase with increasing numbder
of engines. In terms of ground operations, additicnal test and checkoul will
be required for adcitiona! engines, actuators, feeclines and avionics. In
terms of flight operations, additicnzl softwzre develcpment will be
requirec¢ as the number of engines increzses. Adcitionzl cosis Cue 19
increased cperaticnal complexity as the numbder of engines mullipiies havs
not been evaluzies.

3) Pericrmance: In this ssction, impact on Emergency Power Levels (EPL),
vehicle weight, enging weight, ang throttling recuirements regquired zare
giscussed. .
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As shown in Figure 4.0, the booster lift-off weight minimizes at nominal
T/W = 1.52 for a 4 engine LOX/RP-1 pump-ted booster. To achieve an ATO
(due to engine-out at liftoHf) without changing the size of the LRB and
using approximately balanced thrust during ascent, one neecds a T/W=1.25
at liftoff; the T/W required for ATO # sufficient to clear the pad in the
event of wind drift as analyzed by LEMSCO (i.e., T/W,ro > 1.2). The 1.25 T/W
requirement means an emergency power level (EPL) is needed for the 4
engine case as calcuiated by:

T/Wep = (T/W)eTQ * Vehicle Wt - TssMe) '8 +TSSME
Vehicle Weight

=1.58

Thus a slight up-throttle capability (~6%) is needed. Extrapolating this
data to 6 and 3 engine cases, it seems no exira EPL is needed for the &
engine case, and the T/Wgp, for the 3 engine case is 1.7. If.the nominal T/W

is on the order of 1.5 then this increase in thrust level represents
additional engine cost and weight. One can view the impact of ATO on the
number of engines required in another fashion. If no EPL is provided, then
the booster mus: be sized to a T/W which, with an engine out at lifteli,
provides a T/W =1.25. For the 4 engine booster this nominal' T/W woulc be
1.58, for 3 engines it would be 1.7 and for 6 engines it wouid be 1.48 I
one assumes that the relationship shown on Figure 3.0 is largely
independent of the number of engines used, then for the six engine case the
optimum T/W of 1.52 can be used &t lifioff and still have ATO capability
with engine-out. However, for the 4 engine case there is penelty in weight
‘or sizing the booster &t 2 T/W of 1.58 rather than 1.52 (<5000 L3s). The
penzlty in weight for the 3 engine case is much larger. The dillerence
between sizing a2t &2 T/W of 1.7 rather than 1.32 is epproximately 25.000
Ios. Thus there is no impact for & engines, & very siight impac

) tofer &
engines, and a2 large impact fer 3 engines. Similar rengs Rcid fer
pressure-fed engines if cptimum expansicn relics can e used (see ine

discussion on "STS Compatibility”), except that any EPL recuirement
imposes larger cost and weight penelties than for pump-fed engines cue 12
the need for higher tank pressures. :

The weight of the engines increases slightly with increasing number of
engines (zfter 4). Ye! even with inclusion of accessories, the difierence in
weight is quite small.

The appreximeate throtling range for various numbers ¢i engines (with and

withcut engine-out) azre snewn in Table |, An accepisd rule of thumd in the

industry is that 33-¢0% threttling is easily achievalie. Any higher range

imposes sighificant tzchnologicel risk anc cost. Fer the RP-1 pump-fed
cth t

= .
f =2t the 4 znd 8

~r
Iy

1 '
boester used in this comparison, throttie ranges

4



engine configurations fall within this range. but the 3 engine case reguires
~49% throttling.

4) Cost: The approximate change in engine DDT&E cost and manufacturing
cost with change in number of engines are shown in Table |. As expectec,
DDT&E cost per engine decreases with an increase in the number of engines
used per bocster. There is not much of a change in engine manutactunng
cost per LRB as the number of engines changes.

Conclusion Safety and reliability are improved if the minimum multiple
number of engines is used per LRZ (while still retaining engine-out
capability). A 6 engine configuraticn is poorer. than 4 engines in terms of
safety/relizbility, overall vehicle complexity, and STS compatibilily. As
safety, reliability, and STS compatidbility are the premier criteriz fcr
judging options on this program, we conclude that 4 engines per LRS is the
best number of engines to use.

27

Pzul R. Brennan
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N -
o UPDATE ONT.S. 1.3 ABORT
[ ]

The number one objective of the LRB program is to improve Shuttle safery
including better abort capabilities. Obviously this is closely integrated with Orbiter
capabilities, so we had many discussions in Houston (such as those on 2/16 - 2/18 1987
per antached idnerary).

Two inital desires were not reasonable:

a) To eliminate the TAL bases by having RTLS and ATO overlap. (Sites still
needed for emergencies.)

~ b) Major trajectory reshaping (lofted or depressed) to improve TAL and ATO.
(Orbiter constraints limit trajectory shaping to a large degree.)

Instead we found that improvements in various abort scenarios were all that is
reasonable in view of the dght Q-alpha corrider constraints. Engine out and engine
throtling abilides are major improvements. Another benefit would result from LRB
capability to shut off and separate at about 80 seconds if a splashdown is the last resort.

Contnuing trajectory opaimizations have shown that each concept has an optimum
launch T/W. This rade study shows opdmum T/W = 1.42 for LOX/RP-1. Later analyses
1o optimize gross weight showed 1.5 nominal (which allows ATO with 1 engine out).

Other later ideas include throttling up ~ 10% on the side with engine out and down
~80% on the other side.

This work must continue with ever increasing detailed trajectory work by JSC and

ils conractors.

§3



(Attachment A)

NASA/JSC TRIP ITINERARY

(2-16-87 to 2-18-87)

Wednesday, February 17,1988
Session 1

8:30 am - 11:00 am

EAGLE ENGINEERING

Subject
Abort Mode Design
Premature LRB SEP vs FASTSEP
Abort Mode Propellant Margins
Ignition Sequence/Structural Dynamics
Session 2
12:30 pm - 4:00 pm
LOCKHEED
Subject
Intact Abort Design
Contingency Abort Design
Premature LRB SEP vs FASTSEP
Performance Requirements
Ignition Sequence/Structural Dynamics
Thursday, February 18, 1987
Session 3 )
8:00 am - 11:30 am
NASA/JSC
| Subject
RTLS and TAL Abort Design
Abort Propellant Margins
Abort Contollability Requirements

Ignition Sequence/Structural Dynamics
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EAGLE

J. Wood
T. Zack

W.Hoyler

LOCKHEED
P. Fardelos
D. Blumentrit

TBD

NASA/JSC
1st Lt J. Tumer
C. Sparks
C. Frayley

8D

GDSS
J. Patton
S. Seus
W. Thompson

G. Buchanan

GDSS
J. Patton
S. Seus
W. Thompson

G. Buchanan

GDSS
J. Patton

S. Seus
W. Thompson

G. Buchanan



(Attachment B)

MEETING ATTENDEES

General Dynamics
ivisi

Steve Seus

Jeft Patton

Walter Thompson

Guy Buchanan
Celeste Salvaggio

! nagineerin

Jim Wood

Tom Howe
Carol Blaknoll
Tom Zackrewski
Wil Hoyler

) ngineerin
MaintenanceSuppont Company
Jim McCurry
Pete Fardelos
David Blumentrit
Chris Christofferson

Nancy Carter
Wes Kelly

L]

|8

Bockwell Shuttle Operations
Company
Andy Flottorp

Elmer Johnson
Carson Sparks

NASA/SC

1st Lt. John Turner
Jim Akkerman
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4
UPDATE ONT.S. 1.5 PUMP-FED PROPELLANT SELECTION

The dara in this rade study was a major element in concept selection. After the
midterm review, we stopped considering reusabiliry, but cost and risk considerations became

more important. ‘

On 5/16/88 our selected concepts all use LOX/HC propellants:

LOX/RP-1 AND LOX/CH4 .

Higher cost estimates eliminated SSME before the midterm and new LOX/LH2
pump-fed engines just recently. Reduced costs, perhaps by sharing with the ALS
program, would make LOX/LH?2 a very viable candidate for LRB.
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UPDATE ON T.S. 1.7 OPTIMUM CHAMBER PRESSURE

This trade was performed assuming advanced technology graphite-epoxy propellant
tanks (see Trade 1.12). The answer is also strongly depéndcnt on pressurizaton system
weights (see Trade 1.14). Pressure fed engine features such as gimbaling and cooling also
had to be assumed before Propulsion Subcontractor trades were complete. Based on these

assumptions, we recommended a Chamber Pressure of 400 psi.

Subsequently there have been major changes. As of 5/13/88, we feel the optimum
Chamber Pressure is approximately 330 psi. This is based on 2219 alumninum tanks,
because of the high risk associated with graphite epoxy liquid propellant tanks (particularly
for LOX). Work is condnuing to consider nozzle exit diameter limits due to the KSC
facilides, gimbaling high pressure inlet lines, feed line arrangements, and the risk of

combuston instabiliry throtding at this chamber pressure.
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UPDATE ON T.S. 1.12 TANK CONFIGURATION SELECTION

At the midterm program review we recommended composite tanks to minimize
weight on the pressure fed LRB concept. We acknowledged the risk in this new
technology area particularly an aluminum liner in the LOX tank. In his memo 3/14/88,
"Results of LRB Configuration Review", MSFC/Larry Wear advised us that "...the
selection of composite tanks for cryogenic propellants is inconsistent with design goals of
maximum flight safety.”

Therefore we have adapted as a low risk baseline lithium-aluminum for pump fed
tanks and 2219 aluminum for pressure fed. The difference is due to the approximately 1
" inch thick walls for pressure fed. Most Al-Li work to date has been on 1/4 inch thickness
or less, with good results in LOX compatibility, VPPA weldability, etc. On thicker
sections there is less informadon. Problems have occurred with weak transverse properties
in thicker sectons.

Using GDSS IRAD funds, we are continuing to ckplorc graphite epoxy propellant

tanks for LOX, RP-1, and LH2.
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? UPDATE ON T.S. 1.8 PUMP FED ENGINE SELECTION

A

When the contract started, we used existing STBE and STME data plus parametric
data available from engine contractors. We had to consider both expendable and reusable
modes since T.S. 1.13 hadn't even started. This rade study summarizes our first cut

choices up to February 1988.

After the midterm program review, we included in Rocketdyne's subcontract work
on gas generator LOX/RP and LOX/LH2 engines sized for LRB. We also started working
with Pratt and Whitney on split expander cycle engines using LOX/LH2 qand LOX/CH4.
Therefore all the data including costs have changed.

Also at the midtermn program review we selected expendable concepts, because the
LRB mission model did not justify the substandal investment in reusability. This meant
that engine costs, particularly recurring costs, became very important.

Qur final pump fed engine selecdons as of 5/16/88 are a LOX/RP gas generator

concept and a LOX/CH4 expander cycle.
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UPDATE ON T.S. 1.9 PRESSURE FED ENGINE TYPE

This wade study was completed in January 1988 based on preliminary data for LRB
generated under subcontract by Rocketdyne and TRW. Many engine subsystem trades
remained to be run or rerun: injector type, regenerative cooling vs. ablative coatings, head
end gimbal vs. nozzle only. The data had to cover both expendable and reusable concepts.

After the midterm review, when expendable concepts were recommended,
Rocketdyne has continued under contract. We contnue to recommend LOX/RP as the
propellant combination. The choice of subsystems was made difficult by lack of
experience with LOX/RP ablatve materials. Clearly there are a number of technology gaps
which need to be demonstrated on the MSFC pressure-fed LRB test bed program.

Our current baseline features regenerative cooling, head-end gimbaling, and

modular injectors.
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- SUMMARY

Trade Study 1.10 provides a preliminary analysis of the LRB
configured STS ignition and launch sequence, and the resulting transient
response induced by the SSME thrust build-up. Five preliminary down
select candidates were examined with the following guidelines and
constraints used to complete this analysis:

1) Current SSME ignition sequence can be modified if necessary
2) Gross ThrustyWeight ratio at STS release < 1.0
3) Minimum SSME power level at release 2 90%.
4) F-1 engine rise time and Saturn V ignition timing were
used for LRB ignition analysis. :

Two release techniques that have shown potential for improvement of
the adverse transient characteristics are the release of the stack prior to
the peak of transient loading, and employing a modified SSME ignition
timing sequence that manipulates the STS transient to reduce maximum
bending moment and twang at release. The early release technique
indicates a possible reduction of hold down post loads by approximately
70% at the maximum and 10% at release. A potential savings of 7500 Ibs
of SSME propellants is also indicated. The modified SSME ignition
sequence may reduce post loads by 50% at the maximum and 3% at release
with a savings of 3900 Ibs of SSME propellants.

These findings indicate that compliant boosters and modified ignition
timing can be used to reduce the problems of hold down bolt load and
twang associated with the ignition and release sequence, while providing
some improvement in SSME propellant margins.

Potential problems with these techniques center around the balance
of thrust between the SSMEs and LRBs at release. To hold to the
constraints of T/W < 1 and the 90% SSME power level requires that the
stack be released with LRB engine thrust levels between 55% and 75%.
Additionally, the low booster thrust level at release and the "slow" LRB
engine rise time (as compared to the SRB) may summarily preclude the use
of an explosive release system because of control authority problems near
the pad and the health verification capability with 55% to 75% LRB power
levels at release.

If these problems cannot be resolved, or if the final LRB configuration
is stiffer than these techniques will allow, a damped launch release
system designed to alleviate both base bending moment and transient
launch loads appears to be a potential solution to the problems discussed
here. .
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SECTION 1
INTRODUCTION

A dynamic transient occurs when the Orbiter SSMEs are ignited and theSTS
deflects in response to the offset thrust. When the stack springs back to a minimum
deflection, the SRBs are ignited, holddown bolts are released, and the stack lifts off
the launch pad. High bolt loads and bending moments are produced by the transient,
and severe vibration or "twang” occurs when the vehicle is released from the launch
pad.

1.1 OBJECTIVE

The objective of this trade study was to investigate engine ignition and release
sequence characteristics for an STS configuration with Liquid Rocket Boosters, and
identify methods and techniques that would:

1. Minimize twang at STS release
2. Verify engine health prior to STS release
3. Minimize LRB pre-release loads

1.2 GROUND RULES AND ASSUMPTIONS

Ground rules and assumptions are listed in Planning Sheet 1, Figure 1.1. Arrows
indicate revisions made during the course of the study as STS data were acquired.
Ground rules 1 & 2 are carried over from the overall scope of the LRB study. F-1
engine data and the Saturn V ignition sequence were used for analysis since they
are existing, proven systems and considered representative of candidate booster
engine characteristics.
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SECTION 2
ANALYSIS

The trade study comprised the following key activities:

Establishing applicable requirements and guidelines

Analyzing the current STS ignition sequence

Defining alternate ignition and release methods

Determining preliminary properties of candidate LRB configurations
Sensitivity analysis

Analysis of candidate configurations

Evaluating alternate methods

Presenting conclusions and recommendations

NG A LN

2.1 REQUIREMENTS AND CONSTRAINTS

For this study, two requirements were identified based on STS safety guidelines as
shown in Figure 2.1. Requirement 1 states that the STS will not be launched until all
engine systems are verified healthy in an operating state. A verifiable, healthy
operating state is currently defined for SSMEs, but is not available for conceptual
booster engine designs. It will be shown later in this report that definition of such a
state may be crucial to the final selection of a launch method. Requirement 2
provides that no backup sysiem intended to sustain powered or controlled flight will
be used for launch, and launch must occur with prime systems in operational control.

Constraints were significantly revised between the initiation and completion of the
study as STS data were obtained. Explanations for each revision are provided below
the applicable constraint in Planning Sheet 2, figure 2.1.

2.2 EVALUATION CRITERIA

Evaluation criteria are listed in the Criteria Applicability Matrix, Figure 2.2.. Criteria
were selected to be consistent with the overall study, and where the ignition
sequence could have a significant impact to the final selection of an LRB
configuration. Quantitative evaluations of safety, reliability, and performance were
significant in the result of this study.

2.3 DESCRIPTION OF THE CURRENT STS IGNITION SEQUENCE

The current STS ignition and launch sequence is illustrated in Figure 2.3, Nominal
STS Ignition Sequence. The SSMEs are staried at 0.12 second intervals (T1 & T2),
with each engine rising to full thrust in 1.905 seconds. Total rise time to full SSME

page 3
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poweris 1.905 + .12 + .12 = 2.145 seconds. The current STS configuration (with
SRBs) has a bending frequency of .30 Hz, with a half wave length of 1.667 seconds.
The major elements of the ignition sequence are discussed in the following sections.

2.3.1 SSME IGNITION

Ignition and thrust buildup of the SSMEs bends the stack forward in the X-Z plane.
During the delay until release at 4.382 sec., the SSMEs burn at full power for a total of
7.07 engine seconds as follows:

Engine #1 4.382-1.805 = 2.477
Engine #2 4.382-1.905-.12=2.357
Engine #3 4.382-1.8905-.24 = 2,237
: 7.071 total engine sec

SSME ignition, rise time to 100% of rated power level (RPL), and the stagger time
constants T1 and T2 are detailed as item 1 in figure 2.3.

2.3.2 MAXIMUM RESPONSE TO OFFSET SSME THRUST

Coupled to SSME ignition, the STS stack flexes through one cycle of response,
with the maximum deflection of the stack (item 2, Fig. 2.3) occuring 2.75 sec. after
SSME ignition. At this point, the boosters experience the maximum base bending
moment of approximately 570 million in-lbs. SRB mass is thrown in front of the
bending axis, aiding the transient, but the Orbiter/ET mass opposes the transient at all
times with its mass offset 43 inches behind the bending axis.

2.3.3 HOLD DOWN BOLT RELEASE POINT

At 6.6 seconds after first SSME ignition, the stack has sprung back to a minimum
deflection point where the base bending moment is approximately 145 million in-lbs
(item 3, Fig. 2.3). At this minimum moment point the SRBs are simultaneously ignited,
and the 8 hold down bolts are released. This rapid booster release in the presence of
a significant bending moment provides the "twang" as strain energy in the boosters
rapidly dissipates as free-free vibration. A reduction in the base bending moment
experienced at release will result in a reduction of the resultant twang.

2.3.4 SRB IGNITION

At the instant of release, the SRBs are simultaneously ignited ( ltem 4, Fig. 2.3) and
thrust build up occurs rapidly, reaching full power 0.35 seconds later. Approximately
0.2 sec after ignition, SRB thrust levels are sufficient to produce a total thriust to weight

L.
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ratio (T/W) of one. The stack begins to fly off the pad with the SRBs still gaining thrust
for another 0.15 sec. '

2.4 COMPARISON OF ENGINE RISE TIMES

Rise times from 0 to 100% of RPL for the SSME, SRB, and F-1 engines are
illustrated in Figure 2.4. As shown, the SRB rise time of 0.35 sec is an order of
magnitude less than either the SSME (at 1.905 sec) or the F-1 (at 2.6 sec). This rapid
rise time allows the current practice of releasing the stack with a T/W significantly less
than one. In the 0.35 sec between STS release and achieving full SRB thrust, the
stack does not rotate or translate significantly, and the vehicle flys off the pad before
the dynamic state of the free stack exceeds control recovery boundaries.

With liquid propellant engines, the rise time is slow enough that a similar release
sequence couid result in a collision between the vehicle and fixed launch pad
structures. The time between release and T/W = 1 is sufficient to allow the vehicle to
move beyond recoverable control boundaries. Because of this and the requirement
for health verification, LRBs must be ignited and restrained until sufficient thrust has
built up. Whether or not the vehicle can safely clear the launch structure in the one to
two seconds between release (at T/W= 1) and full thrust is beyond the scope of this
trade, and will be addressed in future analysis. For the purpose of this study, a T/W
ratio of one is assumed to be adequate.

2.5 DESCRIPTION OF ALTERNATIVE APPROACHES

The alternate methods of ignition and release examined in this study are
summarized in Planning Sheet 4, Figure 2.5. Simultaneous ignition of SSME and
booster engines was ruled out because of the difference in engine rise times and
thrust. At the point where T/W = 1, the LRB engines would be at approximately 79%
of RPL and the SSMEs at 48% of RPL, which violates constraint #3 for minimum
SSME power at launch. ;

Ignition of LRB engines before SSME engines was also ruled out. Since the
dynamic transient is produced by SSME thrust input, the LRB engines would be
burning fuel unnecessarily while waiting for the minimum moment point in the
transient response. In this situation, the consumption of LRB propellants on the
launch pad reduces payload lift performance by almost 1100 ibs/sec of delay.

Thus , the current practice of igniting the SSMEs first appears to be the most
efficient method. However, it will be shown that the current stagger time of 0.12 sec
may not be optimal. Analysis indicates a modified SSME ignition sequence would be
advantageous for controlling the dynamic transient.

For LRB engine ignition, a sequence similar to that used for the Saturn V was
adopted. The five F-1 engines on the Saturn were ignited in the following order:

~ 1. Center engine ignited
2. 0.20 second delay
3. #2 and #4 engines ignited

page 9
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(Saturn V Ignition Sequence continued)

4. 0.20 second delay
5. #3 and #5 engines ignited

All candidate LRB configurations possess four engines, and the assumed ignition
sequence is identical to steps 3 through 5 for the Saturn.

Initially, ignition overpressure was perceived to be a problem for LRBs, similar to
that experienced with SRBs. However, ignition overpressure is proportional to
combustion chamber pressure rise rate, which for liquid engines is an order of
magnitude less than for solids. Because of this, it was assumed that simultaneous
ignitition of engines on both boosters would not exceed current SRB overpressure
limits. Thus the basic ignition sequence for the LRB configured STS became:

1. Simultaneously ignite 2 engines on the left booster and 2 engines on
on the right booster

2. 0.20 second delay

3. Simultaneously ignite remaining 2 engines on each booster

2.6 RESULTS
2.6.1 PRELIMIANRY PROPERTIES OF LRB CANDIDATES

Preliminary design properties for the five downselected LRB configurations are
listed in the first table of Figure 2.6. Booster wall thickness values were chosen to
support launch loads only as opposed to thickness values to achieve stiffness
comparable to SRB values. .

Calculated values in the second and third tables of Figure 2.6 were used to
determine bending frequencies of the STS model with each of the LRB
configurations. The data represents a single degree of freedom analysis in the
cantilever mode with a uniformly distributed mass cantilever beam for the boosters,
and an end-loaded cantilever with a "mass-less” spring for the Orbiter/ET. A first
mode frequency range of 0.15 Hz. t0 0.22 Hz. was determined for the five booster
configurations, and these boundary values were used for anlysis.

2.6.2 SENSITIVITY ANALYSIS

The dynamic response sensitivity to frequency is illustrated in Figure 2.7. The SRB
configuration (.30 Hz.) is to the left, followed by LRB configuration #1B (.22 Hz.), and
configuration #5D (.15 Hz.) on the right. For the three transient plots, SSME stagger
is held constant at 0.12 sec.

Comparison of the three plots shows that booster bending stiffness determines the
frequency of the configuration. If stiffness is decreased, the maximum bending
moment and the time delay to the minimum moment both increase. This relationship
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is aggravated when the half wave-length of the system is in close proximity to the
total SSME rise time, i. e. : ,

(1.905 + T1 + T2) = 1/(2) (1)

Fortunately, the two variables most responsible for the dynamic transient, i. e.
booster stifiness, and total SSME rise time, can be varied to modify the dynamic
flexure of the system.

2.6.3 ANALYSIS OF CANDIDATE CONFIGURATIONS

Transient response and release analyses for the .15 Hz. and .22 Hz. configurations
were performed using both the nominal SSME stagger timing (T1 = T2 = 0.12 sec),
and also with a series of modified values for T1. For analyses with the nominal
SSME stagger timing, release of the stack was performed at the same bending
moment magnitude experienced by the nominal SRB configuration. Delaying release
until the minimum moment point would impose a serious impact on ET propellant
margins, because of the increased time delay associated with the more compliant
boosters. Two points in the transient response meet this minimum moment criteria.
One occurs prior to the maximum peak and one after, both of which were examined
for feasiblity. '

For analysis with the modified values for T1, release of the stack was performed at
the the earliest point where all SSME engines were above the minimum thrust level
of 90%, and the base bending moment was less than or equal to that experienced by
the SRB configuration.

For all cases, the start of the LRB ignition sequence was timed such that T/W =1 at
the identified time of release.

2.6.3.1Configurations Using Nominal SSME Stagger Timing _Release
analysis for configuration #1B (.22 Hz.) with nominal SSME stagger is summarizedin
Figure 2.8 and illustrated in Figure 2.9. Release prior to the maximum bending
moment cannot be accomplished because all three SSMEs have not developed
thrust levels greater than 90% at the time the moment begins to exceed the defined
releass value. The earliest possible release time after the transient peak occurs at
5.035 sec after SSME ignition. To achieve T/W =1 at release, 4 LRB engines (ignited
at 3.987 sec ) are at 73% of RPL, and the remaining 4 (ignited 0.20 sec later) are at
58.6% of RPL.

Release analysis for configuration #5D (.15 Hz.) with nominal SSME stagger is
summarized in Figure 2.10 and illustrated in Figure 2.11. For this more compliant
booster, release prior to the maximum moment is feasible. Here, the response to
SSME ignition is delayed enough that all SSMEs are above 90% of RPL at the time
the moment increases beyond the defined release value. Release at the defined
moment magnitude occurs prior to the peak at 2.039 sec with 4 LRBs at 73.1% and 4
2t 58.7% of RPL. While not shown in Figure 2.11, by "backing down" the transient plot
to the point where the last ignited SSME is at 90% of RPL(consistent with constraint
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#3) additional improvements in ET propellant margins, bending moment at release,
and the time delay to release can be realized. The earliest possible release time
after the transient peak occurs at 6.858 sec after SSME ignition. To achieve TW =1
at release, 4 LRB engines (ignited at 5.814 sec ) are at 72.8% of RPL, and the
remaining 4 (ignited 0.20 sec later) are at 54.4% of RPL.

The increase in maximum moment, deflections, and time delay encountered with
LRBs using "nominal” SSME ignition stagger timing indicates these configurations
should not proceed through a full cycle of response prior to release. Consequently,
analyses were performed on the two LRB configurations to determine the potential
benefit of modifying the total SSME rise time.

il ME Bi Modification consisted of varying the stagger
time between the first and second engine starts (T1), to negate the relationship
between total rise time and the half wave-length of the system (Section 2.6.2).
Stagger time between second and third engine starts (T2) was held at 0.12 sec.
Discussion of the following figures is in comparison to Figure 2.3, Nominal STS
ignition Sequence.

A series of transient response plots for configturation #1B (.22 Hz.) with T1 values
of 3.0, 3.5, 4.0, 4.5, and 5.0 seconds is illustrated in Figure 2.12. For all cases plotted,
a significant decrease in the maximum bending moment is shown, and for cases with
3.5 <T1 < 4.0 sec., release can be accomplished to satisfy the constraints for
bending moment release limit and the minimum SSME power level constraint of 90%.

At first glance, the time delay until possible release appears to be significantly
greater than for the current SRB configuration. However, the dashed ling labeled
"EQUIVALENT NOMINAL SSME ENGINE SECONDS" denotes the boundary where
the same amount of ET propellants (as the SRB configuration) would be consumed.
Comparison of this boundary with the boundary for release points labeled "SSME
POWER LEVELS @ 100, 6.3, & 90 %" demonstrates that a substantial increase in
ET propellant margins is possible.

Similar plots for configuration #5D are shown in Figure 2.13, with values for T1 of
4.0, 4.5, 5.0, and 5.5 seconds. For all cases, a significant decrease in the maximum
bending moment is demonstrated, and for the cases where T1_> 5.0, a substantial
decrease in the bending moment at release is realized. Additionally the ET
propellant margins gained by release at minimum SSME thrust levels are even
greater than that for the .22 Hz. case. ;

2.7 ALTERNATIVE EVALUATION

A summary of release data for the analyzed configurations is compared to
appropriate selection criteria in Figure 2.14. Configurations #1B and #5D RELEASE
#2 require addlitional consumption of ET propellants (2033 Ibs and 7688 Ibs
respectiviey) prior to launch. Reduction of ET propellants from the nominal margins
poses a significant impact to Orbiter intact abort and cross range capability. Because
of the impact to safety, both of these release techniques are immediately eliminated
from further evaluation.

page 20

=aRal



cl’'¢c ain

-~ )
'} 30 39NVU
(5pU033S) aMI]
L R I i
B A Tt LT 1T L0t |
SN AT AT se
""-—- 144 1 ) T Uy P ) -—"-n- r—l.—l Tq}v}mn
P s b 7
o T o o B S R LY
H Almanmnm
LT T
dip A/ATRREER A R
YA T e v o |4
A
mmmm"mmum“_ . .wmzmumm.m-.:w.zm_. ._ ._ " “ N “ " n “__ “ sw&
I e A
EREERYSRRREERYARENA NN RN NN
IV RN RN RN RN AN
[ TS T TS 7 A WO T Y TN Ty U YRS ¥ A% JNUY YOUUN JU NG NN JUUY WU NN NSRS SN JUUY SRS U S M A .SSSJ—
WSz C'Ch B SR CC Il sq{-U1
I | Rt T (TN ChmEd VAT % uanoy
€ce” = 1 LL d3ldIdON/M ASNOdS3d JINVYVNAd
r AQNLS HILSO0H LIMI0H ainoI

vorsial) swejsAs eseds @ @ Q

SIINVNAG TVHINID

21

Qa3




£1'z ainbiy

/
_»U_Owczé\_
ﬁ (SpUD9as) am1j .

'L 0y | ec ev et 0l AT
_________________..______T..-ﬂ;n‘.\._\i‘.\_s.___.s
L A AT T
__“__&x_IV.TTU.Nh_““_““.“““““r..”““““““: SGYS/Mm cuc
LA T A e e e ey
WL T SN AR <R R RREE
R R e
PP PNAL PN T
Zﬁ.,/““;:/“\:::“:::: Il
ERRA RN A AN R RN RN
SR s e T o
“:““&f:“""\",r“..@.:._,m“._.._m_j.__g_g_“::_:

m _“m:\mﬁ.:.w.e“&uﬁ__._.oi:m:mm_"..1
LD/l Br 3NSS VNINON LiTvAmea s b b bbb
btk ::_.\::::I::::.: B
[ T T D I A T T I 2 R/ T T R R I IR T TR N N N DN N N N R NN N | [ |
“:&“:::I:::I::“: a
::xm::\”:I::::.:::I:
[ Y 2 T T N O I 7 2 T T T S I T T T IR S A T AN RO TR S R T B A B |
..._.....-......—.,._..-...._......SS&.—.
25 719 - 2l 06 'S 'S b= sq[-Uf
X TCI' = (ZH) 'DI4d VBT X judMoy
1GL" =} - LL dA3dIdIAOIN/M dASNOdSHd JOINVNAd

ﬁ AQNLS HI1SOOE 13X00H AINOI'!

voIsiag swaisAs ededs m m .ﬂ

wy VHIN3IO

22

224




uoIsIAl) swelsAs esedsg

S3IWNVNAT TVHINID

vi'e o 4
( )
73S 20 =2L'03s 05 =11 ®
sasezio=zL'9assce=1L @
% 06 ANV ‘€96 ‘001 40 TdH INSS OL SANOJSIHHOD ISVITIH LV IANLIAWY .
oas 6eg'9| 285 ‘I'EL al eebe+ sas 1ov'z-| zot 00€ [»iL "aOW as#
9as cee's| 265 ‘Ive ar Lz6e+ | o9s iege-| vl 8EZ [;)lL "GOW al¥
—396—904°9-—#05—10°3L o998 50KL—|—prb—|—Sho—|—Z#Fau-ask—|—
93s GG6°L | L85 ‘L'EL 09s 082°L-| 8Tl 8zl | L# 134 as#
—395—560°5-{-9°05—'0°64 |- 1 qI-ecas~t-|—o9s—0964—| 5+t 999—|—gt#—9IINed—|—
99s zZge'v VN VN VN Syl 695 | &HS TVNIWON
INLL WIMdH% | INVT13dOUHd]| 23S HNI|13H @ | "XVW # "OIINOD
ISV3I1IY JNSS V awss v [o 0 X INTWOW
Al34YS ANV JONVWHO4HId ALIaviiay VIHILIHD
AGNLS HILSOO08 1MI0H QINOIT
\_

gy7-

23



2.7.1 RELIABILITY

Bending moment magnitudes and A SSME engine seconds were assigned to the ..
criteria of reliability since a reduction in these parameters as compared to the nominal
SRB configuration could immediately be interpreted as an increase in current STS
design margins. A comparison of values for each category indicates that the more
compliant configuration #50 is superior to #1B MOD T1 in reducing SSME burn time,
and also maximum and minimum bending moments. Configuration #5D0 MOD T1 is
superior only in reducing the minimum bending moment, and thus can be considered
the best at reducing twang loads at release. Regardiess of relative ranking, all three
LRB candidates show a substantial improvement over the stitfer SRB configuration.

2.7.2 SAFETY '

As noted in Figure 2.13, all remaining candidates meet the requirement for SSME
health verification at 80% RPL. In fact, in order to realize the improvements in launch
characteristics they require release at 90% of RPL. To delay launch until the last
SSME was at 100% of RPL would negate these improvements since these
parameters are time dependent and increasing in magnitude at the time of relezse.
STS launch with the SSMEs at these power levels causes the last 10% of thrust to be
applied while the vehicle is flying, as oppposed to the current practice of restraining
the stack until all engines are up to 100% of RPL. This would require a new engine
qualification program to verify SSME safety and function in a new environment.

The question of LRB engine health verification is significant to all LRB
configurations since thrust levels at launch are relatively low. This situation is driven
by the constraint of T/W =1, where the intent is to reduce the longitudinal lift-off
transient . This longitudinal load fluctuation at the SRB/ET thrust fittings occurs when
the stack is explosively released from the launch pad and the last two million pounds
of thrust are applied (from two SRBs) after release. Instantaneously releasing the
stack with T/W > 1 would aggrevate this condition by introducng a greater step input
to the system, producing longitudinal vibration more severe than the current practice.

Because of this, the LRB engine health verification criteria may become the driving
factor in choosing a launch release system and technique. Health verification criteria
are constrained by the T/W limitat release, the SSME minimum RPL limit, and the
effect of explosive release and the resultant longitudinal transient. If LRB engines
require power levels greater than those listed in Figure 2.13 to verify them "Go for
Launch” , explosive release becomes impractical because of these constraints. The
practice of running LRB engines up to greater thrust levels for health verification, and
then throttling back for launch levels would overcome these constraints, but would
require an inordinate amount of propellant consumption on the pad, resulting in much
larger design capacity, thermal problems from exhaust plumes, and possible
performance losses from additional inert tank and structure weight.
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2.7.37 PERFORMANCE

ET propellant savings couid be interpreted as safety criteria for increased capability
to close the gaps between intact abort modes , or as additional ascent performance.
Since the three remaining configurations do not penalize ET propellant margins of
the current Orbiter/ET configuration, no impact to abort margins is realized. As in the
case of reliability, all three of the remaining candidates demonstrate a significant
improvement in ET propellant margins, with configuration #5D REL #1 providing a
substantial savings in ET propsllants at more than 7500Ibs.
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3.0 CONCLUSIONS

Trade study conclusons are listed in Figure 2.15. As shown in the transient
moment plots for LRB configurations, the SSME ignition sequence can be used to
manipulate the resulting transient, minimize the adverse characteristics of the STS
launch sequence, and improve propellant margins. While the SSME engline rise
time is considered constant at 1.905 sec., the time intervals between engine starts
can be varied to produce desirable results without impacting current STS limitations.

Also demonstrated by comparison, when the half wave-length of the system
increases beyond the SSME rise time, the response time increases, aliowing greater
SSME thrust to build up before bending moment limits are exceeded. Thus, the more
compliant booster configuration is advantageous to controliing and reducing the
transient loads and twang.

The constraints on T/W and the resulting low LRB thrust levels at release may
present an insurmountable problem for explosive release techniques. Issues of
control authority and collision avoidanced near launch pad hardware, health
verification at low thrust, and the risks of launching with propulsion systems operating
below nominal levels will be difficult to resolve. Coupled with the difficulties ot
duplicating launch environments for LRB and new SSME engine qualification
programs, these issues may preclude the use of explosive launch release altogether.

4.0 RECOMMENDATIONS

Trade study recommendations are listed in Figure 2.16. If the issues associated
with low LRB thrust levels can be resolved, it is recommended that investigation of
transient manipulation and explosive release techniques continue for LRB
configurations. Options other than ignition sequence timing and stiffness reduction
remain to be explored. Investigation of SSME rise time variation and the impact to
STS operations is recommended as a first alternative. The feasibility of tilting the
stack (on the launch pad) back in the X-Z plane such that the CG moment arm for the
Orbiter/ET mass contributes greater resistance to the off-set SSME thrust should alsc
be investigated. :

If the issues of LRB thrust levels at release cannot be resolved satisfactorily, it is
recommended that a damped launch release system similar in function to those used
for Saturn and Atlas launch vehicles be adopted. This type of system could be
superior in reducing base bending moments and vibratory twang loads at release,
while providing gradual vehicle release as thrust builds up to flight levels.
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UPDATE ON T.S. 1.10 IGNITION SEQUENCE

Since this inidal rade study was performed, a dynamic loads mode! was developed
and a first cut made of loads and deflections. Our basic philosophy continues 1o be:

1) A soft LRB is acceptable, even preferable when

2) SSME starts are staggered about 4 seconds and

.3) The whole stack is held down until all engines (Orbiter and LRBs) exceed 90%

of full thrust (allowing dme to determine engine health and then

4) A controlled, "slow" release occurs. There is probably insufficient room for
Saturn type release heads. Therefore we are considering explosive bolts + stretch bolts
drawn out about 6" through a die.

This concept appears to have many advantages including lower deflections and less

twang than the current STS system with SRM.
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UPDATE ONT.S. 1.13 RECOVERY SYSTEMS

At the midterm review we recommended that LRBs be expended based on cost
esdmates which at that ime showed:

An addidonal development expenditure of over $1B should just about pay for itself
in 100 flights (LOX/RP vehicle).

Invesstigation of the cost effectiveness of recovery and reuse includes: a) upsized
vehicle and engine to handle the added weight of recovery systems, b) an allowance of
approximately 10% for LRBs lost in the recovery atiempt, and c) esdmates of 15% to 50%
refurbishment costs.

Our data contnues to show that reusability approximately breaks even for LRB
flight ratres up to 15/year. For other vehicles at higher flight rates, recovery and reuse

may be cost effective.
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LRE

Date:
To:
From:

Subject:

Attachment:

Purpose:

Discussion:

Prepared By:

Soace Sysiems Division

March 1, 1988 GDSS-LRB-MIN-88-027

Distribution
Dan Heald

Minutes of an LRB Interim Engineering Review Board (ERB) for
Separation System Selection (T.S. 1.16) conducted 26 February 1988.

Trade Study ERB Viewgraph Charts

This was an interim ERB for this Trade Study and was held to present the current results
to provide information and obtain concuirence or redirections on this trade before the
final review.

ERB members present: Dan Heald - Chairman, Paul Brennan, Steve Seus, Ed Russ,
Ron Koontz, Peter Stubner, Frank Hauser, Tina Nguyen, Scott Stumpf, Don
Schnattschnieder, Guy Buchanan, and Carol Pouliot.

Paul Brennan, the Trade Study Leader, presented the preliminary results of the trade
using the attached charts. Paul presented the key considerations for abort, including
orbiter failures, LRB failures and response times. In reference to the Aero Data
Comparison chart, it was suggested that the subtitle read *Aero Data Comparison

for Nominal Separation.” Paul Brennan received an action item to convert the
coefficients to forces on the graphs of this page.

On the chart of Control Considerations, it was decided that the Maximum Pitch

Gimbal and the Maximum Yaw Gimbal values were reasonable, but that for a
conservative estimate one should analyze a flex body. It was suggested that Paul

show nominal separation vs. early separation and that the method for doing the statistical
correlation (root sum square) for determining the shut down thrust differential be added
to the chart.

The Separation Cue and Sequence chart indicates that the cue will be based on a "low
fuel level sensor.” This should be discussed with Eagle Engineering. The question
remains as to what will control separation for aborts: vehicle, ground control, or crew.

In discussing the preliminary sizing results, it was determined that early separation has a
weight penaity of only about 2300 Ibs. compared to normal separation. Need to discuss
benefits of early separation with Walter Thompson. Range safety issues must be
investigated. Action item for Paul Brennan to locate newest safety document.

Conclusion was to stop further work until Walter Thompson, et al, can establish
the early LRB separation design conditions.

Carol J. Pouliot Approved By: ; : M

Systems Engineering D.A. Heald
Chief Engineer - LRB
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TRADE STUDY 1.17
LRB STIFFNESS, STRENGTH, LOADS

Contents:
1.0 Introduction
2.0 GSE Interface - ET Umbilical
3.0 Stiffness Requirement
4.0 Stiffness vs Strength- Monocoque
4.1 Options for Reducing ET Umbilical Deflections
5.0 Strength designed LRBs, SRB, FWC SRB and ASRM stiffness
6.0 On pad Response of Strength Designed LRBs
6.1 LO2/LH2 Pump fed LRB
6.2 LO2/RP1 Pump Fed LRB
6.3 LO2/RP1 Pressure Fed LRB

7.0 Maximum T/W Ratio for LO2/LH2 LRB Configurations
At Release

8.0 Conclusions
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1.0 Introduction

Prior to holddown release the space shuttle engines are ignited sequentially and health monitored.
The SSME:s rise to full thrust level in approximately 4 seconds and during this period the whole
stack , due to asymmetry of configuration and eccentric SSME thrust load paths, is pushed over
laterally responding dynamically with high lateral displacements and base bending moments while
the space shuttle is still attached to the ground support equipment (GSE) and MLP. There are limits
to which the ground support equipment can track the lateral excursions and the holddown system
can sustain the base loads. From the studies performed with candidate LRBs, an LRB 16 ft or less
in diameter ,designed purely on the basis of strength, responds dynamically to the SSME thrust
buildup with greater amplitudes of displacements and loads . The options for the flexible LRBs are
either to simply increase the stiffness which results in additional weight, or to decrease the SSME
thrust rise rate which is accomplished by staggering the ignition of SSME engines. In this study
the impact of SSME ignition staggering was studied in detail for LRB configurations for load and
deflection relief.

The launch sequence with LRBs is considered to be very similar and qualitatively result in similar
response. There are however some differences between LRB liftoff and SRB liftoff. LRBs have
more engines which require health monitoring ,similar to SSME engines, before holddown release.
As a result LRBs will be held on pad with T/W ratio considerably higher than SRBs before
holddown bolts are released. Whether or not a slow release system is required depends upon the
T/W ratio of stack at the time of release. Included in this trade study is the determination of
maximum T/W ratio ,for LO2/LH2 pump LRB configuration, at which the explosive bolt release
system could be used.

350



Objective:

Establish the structural stiffness requirements for LO2/LH2 Pump,LO2/RP1 pump and LO2/RP1
pressure fed Boosters. Determine minimum Stiffness that does not impact the current Ground
support equipment and the SSME ignition sequence. Determine Loads and perform a preliminary
design. Determine the maximum T/W ratio with the current explosive bolt release system.

Ground Rules:
« Maintain the current ignition sequence for SSME engines
« Maintain current load levels at the attach points
* Maintain twang level similar to current STS

Assumptions:
« Nominal Thrust Buildup Sequence
« Booster Stiffness Primarily dominated by the Tank stiffness

Guidelines:
» Minimum Impact to ET and Orbiter
« Minimum Impact to the GSE
» Minimize Release loads
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2.0 GSE Interface - ET Umbilical

ET umbilical follows the STS stack deflections during pushover (SSME thrust buildup) and is the
primary interface area of concern between the Space Shuttle Vehicle and the GSE (Ground Support
Equipment). The objective in this study is to predict the deflections of the ET umbilical and
establish the minimum booster stiffness required to maintain the umbilical excursions to within the
current ICD limits imposed on the current GSE . The ET umbilical is currently designed to track
approximately 20 inches during SSME thrust buildup and 17 inches during the rebound
(Shutdown).

3.0 Stiffness Requirement

The space shuttle is an asymmetric launch vehicle.During liftoff it subjected to a large lateral
component of SSME thrust causing high lateral excursions of the stack on pad prior to release. The
magnitude of SSME thrust and its very sharp rise rate are both responsible for large amplitude of
lateral displacements and bending loads in the LRBs. The LRB structure ,therefore, should satisfy
two requirements; first that excursions of the STS stack remain within the current GSE tracking
limits and secondly that the base bending moment at the release time does not exceed the current
levels. Both these requirements are influenced by the SSME thrust rise rate and the stiffness of the
LRB structure.
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3.1 Stiffness vs Strength- Monocoque

For LH2/LO2 boosters less than 16.5 ft diameter (approx.) the stiffness criterion governs the
design and strength is automatically achieved. Lower diameter boosters designed for stiffness pay
penalty in structural weight. This penalty is gradually reduced as the diameter is increased. Beyond
16.5 ft diameter the booster structure can be designed for strength. Figure 3.1-1 schematically
illustrates stiffness and strength boundaries for various LRB diameters.

Monocoque tanks are designed to withstand loads up to onset of buckling of the cylindrical

section.
Isogrid tanks are designed very similar to monocoque tanks- up to buckling load of the tank.

Skin Stringer tanks are designed to withstand applied loads until the buckling load of the stringer
is reached. The skin between the stringers is allowed to buckle.

Figure 3.1-1 Stiffness vs Strength - Monocoque
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4.0 Options for Reducing ET Umbilical Deflections
There are two options to reduce the dynamic excursions of the stack:

« Stagger the ignition of SSME engines
e Stiffen the structure

The dynamic amplitude of lateral excursions are a function of the ratio of the period of the structure
and the thrust rise time of SSME engines.To maintain deflections witnin ICD limits, this ratio is
this ratio ,in new designs, is maintained either by increasing the thrust rise time of SSME engines
(staggering the start of SSME engines) or by stiffening the structure (reducing the period, increase
frequency). Figure 4.1-1 shows the dynamic amplification factor against this ratio. The higher the
ratio of periods, the lower the dynamic amplification factor and lower the amplitude of dynamic
response.

LRB structure designed for strength and using SSME stagger to limit deflections are lighter in
overall weight but impact the orbiter on board software. The bending loads at release are lower
side and the twang is mild.

LRB structure designed for stiffness weigh more and may exceed the current base bending moment
at the release. The twang may be more than current STS.

Figure 4.1-1 Dynamic Amplification of LRB response to SSME Thrust Rise
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1 Option -1 St SSME ignition

The option to stagger the SSME ignition sequence is beneficial in reducing the maximum loads
during pushover but delays the liftoff and also causes higher base bending moment at liftoff.
Figure 4.1-2 schematically illustrates the consequences of staggering the ignition of SSME 2 and 3
engines. There is a trade-off between the maximum bending moment (or deflections), the bending
moment at release, and the time to liftoff. The SSME fuel consumption may not be much affected
as late ignition of SSME 2 and SSME 3 is compensated by the longer liftoff times. This option is,
therefore, attractive if weight saving is very important. This is the case with lower diameter
boosters which will require considerable increase in wall thickness to meet the stiffness

requirements.
Figure 4.1-2 Influence of SSME Ignition Stagger on Loads
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1.2 Optimal SSME Ienition S

The optimal SSME ignition stagger is approximately equal to half the first fundamental period of
the stack. If the start of SSME 2 and 3 engines is staggered by more than half the period then the
displacement decreases in the first cycle of the displacement oscillation but builds up in the
subsequent oscillations. Figure 4.1-3 illustrates the LO2/RP1 pump fed LRB response to stagger
times of 1 seconds, 2 seconds, and 4 seconds and shows that for 2 seconds stagger , which is
about half the period of the stack, the response is stabilized to a harmonic with lowest amplitide
after 7 seconds. Normal liftoff takes place during first cycle of oscillation but FRF, which is a 20
second event, several oscillation cycles The stagger values higher than half the stack period are
ineffective in limiting deflections during FRF and therefore are not recommended. The optimal
stagger for RP1/L.O2 booster is 2 seconds, at other values the deflections are higher during FRF.

Figure 4.1-3
Effect of stagger times on ET Umbilical Response
(LO2/RP1 pump)

time - seconds

'5.
-10%

deflection -15]
inches -20 41 sec. stagger

254 \
N

[ 4 sec. stagger |

\
\
Y [2 sec. stagger|

L]
w
o

356



4.2 Option -2 Stiffen LRB Struct
Weight Impact

A monocoque construction with a first fundamental frequency of .2 Hz is 42000 1bs lighter than a
monocoque construction (of same diameter) of the fundamental frequency of .3 Hz. This holds for
LH2/LO2 pump fed booster approximately 15.8 ft diameter. Similar trends hold for other LRBs.
Figure 4.2-1 Ilustrates the impact of increasing the first fundamental frequency by maintaining the
same diameter but increasing the wall thickness of the propellant and oxidizer tanks.

Figure 4.2-1 LH2 tank structural weight with first fundamental LRB frequency
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5.0 Strength designed LRBs, SRB, FWC SRB and ASRM stiffness

The FWC motor case SRB which was to fly from Vandenberg Air Force Base had natural
frequency of approximately .24 Hz. This booster was flight certified and was about to fly its
intended mission. The deflection of ET umbilical is approximately 32 inches which exceeds the
current specified ICD limit of 20 inches during buildup and 17 inches during rebound. ET
umbilical modifications were performed to accommodate these deflections.

The ASRM (Advanced Solid Rocket Motor) request for proposal to the industry specifies ,in very
specific terms , the minimum stiffness requirements for the new rocket motor case. The ASRM
motor case stiffness is allowed to equal approximately to that of FWC motor case SRB. When
ASRM is operational, the booster will weigh less, can be less stiff compared to current SRB, and
consequently deflect more than current SRB.

The deflections of the strength designed LRBs and the current SRB are shown in the table 5.1-1.
The LO2/RP1 pump fed booster is most flexible and deflects most. The LO2/RP1 pressure fed is
most stiff and deflects less than SRB.

Extrapolation of our analyses results and the data on the current and previously designed boosters

suggests a minimum frequency of .24 hz .At this stiffness level.the LRBs remain within the
deflection envelope of Ground Support Equipment with the current liftoff sequence.
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Table 5.1-1 ET Umbilical Deflections for Strength Designed LRBs and the SRB

RP1/LO2 LH2/LO2 RP1/LO2
SRB PUMP PUMP 1IPRESSURE
DIA DIA
16.25 18.0F

First Natural Frequency

(HZ) -31 -29 n28
ET Umbilical Deflection
{Inches)
Current SSME Ignition 16.0 11.0
sequence
With 2 seconds delay 8.0

In SSME#2 and SSME#3
ignition

FLIGHT QUALIFIED FILAMENT WOUND CASE SRB DEFLECTED 30 INCHES
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6.0 On pad Response of Strength Designed LRBs

6.1 LO2/LH2 Pump fed LRB

Two LO2/LLH2 pump fed booster concepts, a 16.25 ft diameter and a 18.0 ft diameter ,were
studied for the SSME thrust buildup and shutdown transient response.

6.1.1 16.25 ft Diameter LO2/LH2 pump fed booster

SSME Thrust Buildup

The strength designed 16.25 ft diameter LO2/1LH2 pump fed booster has a frequency of .22 Hz
and its maximum ET Umbilical deflection with current SSME ignition sequence is approximately
27 inches. Figure 6.1-1 illustrates the SSME thrust buildup transient with current SSME ignition
sequence, with 2 seconds delay in SSME 2 and SSME 3 ignition, and the corresponding SRB
response. With the current SSME ignition sequence the deflection exceeds the current ICD limit on
ET umbilical tracking capability and ,therefore, either the SSME ignition stagger or stiffening of
the tank structure is required to satisfy the GSE constraints. If ET umbilical tracking capabilities
are modified to track 27 inches then with the current SSME ignition sequence the liftoff takes place
at 7.8 seconds. The Stack stays on the pad for approximately 1.1 seconds more than the current
SRB system.

The deflections during SSME buildup are brought to SRB level by staggering the SSME engines;
start engine 1 first and ignite SSME 2 and 3 engines simultaneously 2 seconds later. Although the
deflection is approximately same as SRB deflection, the transient stretches and consequently the
time to liftoff increases from 7.8 seconds (without stagger) to 9.4 seconds.

Figure 6.1-1 ET Umbilical Deflection during SSME Thrust Buildup
16.25 ft Diameter LO2/LH2 Pump LRB
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SSME Shutdown The worst shutdown sequence for SSME 1 failure is if SSME 1 abort occurs at
16.6 seconds. Figure 6.1-2 illustrates the ET Umbilical displacement transient due to SSME 1
shutdown at 15.5, 16.6 seconds, 17.8 seconds, and 18.9 seconds. This covers engine shutdown
during a time span equal to half period of the Stack. The response repeats in the interval equal to
the period of the STS stack and therefore illustrates a situation during liftoff , at 4.6 seconds, 8.6
seconds, and during FRF which is a 20 second test event. For FRF the maximum response occurs
when SSME 1 shutdown at 16.6 seconds. If the shutdown is due to an abort situation then, for a
safe abort the SSME 2 and 3 are to be shutdown at 17.8 seconds and 18.9 seconds respectively.
Figure 6.1-3 shows the combined response for this case. The maximum rebound due to this
transient is 11 inches which is within the current GSE capability.

Figure 6.1-2 SSME 1 Shutdown Transient for ET Umbilical at various shutdown /abort times
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Figure 6.1-3 SSME Thrust Buildup and Shutdown Transient for ET Umbilical
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6.1.2 18 ft Diameter LO2/LH2 pump

The buildup and shut down transient for a normal buildup and shutdown as in FRF is shown in the
figure. The maximum deflections remain within the current GSE capabilities. There is no need to
stagger the SSME engines or increase the stiffness. The optimal shutdown sequence is to
shutdown SSME 3 at 16.8 seconds, SSME 2 at 17.8 seconds and SSME 1 at 18.8 seconds.
Figure 6.1-4 shows the SSME thrust buildup and shutdown ET umbilical deflection response fo
18 ft diameter LO2/LH2 pump.

Figure 6.1-4 SSME Thrust Buildup and Shutdown Transient for ET Umbilical
18 Ft Dia., LO2/LH2 pump
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SSME Thrust Buildup loads

The lower segment of LRB experiences the maximum load during pushover. This condition is the
design condition for overall design of LH2 tank. The bending moment at the base for LO2/LH2
boosters is slightly higher than the corresponding SRB values but poses no problem as the aft
structure can be designed to accommodate these loads without impacting other Space Shuttle
Components.

Shown in the figure 6.1-5 are the maximum design loads along the LRB length.
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Figure 6.1-5 LO2/LH2 pump design loads- SSME thrust buildup
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LH2 Tank Design

Based upon the derived loads and noting that the booster is more stiff than necessary two designs
are developed. The first is the monocoque design in which the booster maintains slightly more
stiffness and the skin stringer design which has lower stiffness than the monocoque.

The skin stringer design allows for limited skin buckling between the stringer and is therefore a
weight efficient design. The monocoque is designed for stress levels below the the shell buckling
limits. The skin stringer configuration for LH2 tank is shown in figure 6.1-6. Also shown in the
figure is the thickness for a monocoque LH2 tank.

LH2 Tank Skin Stringer vs Monocoque

The skin stringer construction is lighter and more flexible than the monocoque. It experience
higher dynamic base bending moments than the monocoque. Although its frequency is lower its
deflections are maintained within the current GSE limits.

A monocoque tank is very stiff , has small on pad deflection, experiences lower dynamic base
bending moment during pushover, is heavier,and responds with a higher base bending moment at

the time of release (higher twang).

From all the considerations a skin stringer configuration for 18 ft diameter booster is an optimal
design and is recommended.
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Figure 6.1-6 LO2/LH2 pump LRB LH2 tank design based on current Loads
2219/T87 Al Alloy
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6.2 LO2/RP1 Pump Fed LRB

The strength designed LO2/RP1 pump fed booster is the most flexible of all the designs. The
booster deflection with current SSME ignition sequence is approximately 30 inches. Even with
SSMESs staggered the deflection remains high. The dynamic response of this LRB is illustrated in
figure 6.2-1. Staggering the SSME engines produces response to 22 inches which is still high.

The options to limit deflection are either stiffen the structure or stagger the SSME engines along
with lowering gimbal angles of SSMEs or perform ET umbilical facility modifications. These

Options are illustrated in figure 6.2-2.

The recommendation is to stiffen the structure up to .24 Hz natural frequency. From analyses this
is the optimum level of stiffness with minimum weight penalty.
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Figure 6.2-1 Influence of SSME ignition stagger on LO2/RP1 pump ET Umbilical Response
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6.3 LO2/RP1 Pressure Fed LRB

The LO2/RP1 pressure fed LRB is stiffer than the current SRB and therefore has no deflection
problem. With stagger this booster has even smaller deflections. Figure 6.3-1 shows a typical
pressure fed LO2/RP1 response.

Figure 6.3-1 SSME Thrust Buildup and Shutdown Transient for ET Umbilical
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7.0 Maximum T/W Ratio for LO2/LH2 LRB Configurations At Release

LRB holddown and release requires all LRB engine health monitoring prior to holddown release
somewhat similar to the way SSME s are currently monitored during launch. This engine health
monitoring creates a new launch environment namely - liftoff at considerably high T/W ratio than
the current STS with SRBs and results in a load transient at forward ET/LRB thrust fitting. An
analytical study was performed to evaluate the forward attach fitting loads, generated from a
sudden release (like the current explosive bolt release), for LO2/LO2 pump fed LRB configurations
for different LRB thrust levels and thrust rise times. From this study the maximum LO2/LH2
pump LRB thrust on pad prior to release is established to be approximately 87% of the full LRB
thrust level. The LO2/LH2 monocoque and LO2/L.H2 skin stringer configurations both could be
held on pad up to 87% of the full LRB thrust. The difference is in the time at which the forward
attach fitting peaks.

The thrust fitting load transient for the monocoque is shown in figure 7.1-1 and the transient for
the skin stringer configuration is shown in figure 7.1-2. The monocoque LO2/LH2 pump LRB
achieves the limit load of 1634 KLBS at 1000 milliseconds while the skin stringer LRB achieves
the limit at approximately 1400 milliseconds after holddown release. The current explosive bolt
release system can be used if the LRB engine health monitoring can be performed below 87% of
full LRB thrust level. Beyond 87% a slow release system is requited to damp the transient.
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Figure 7.1-1
LO2/LH2 Monocoque Pump
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8.0 Conclusions

The 18 ft diameter LO2/LH2 LRB monocoque or skin stringer designs are sufficiently stiff on pad
and can be released using the current SSME ignition sequence. The current GSE equipment is
capable of tracking the STS deflections during pushover. The quick release system (explosive bolt
release) used currently with SRBs can be used for LO2/LH2 pump LRBs provided that the
maximum LRB thrust at the time of release is less than 87%. The LRB engine health monitoring
should be accomplished within 87% of full thrust level for LRBs. If the LRBs are released at
higher than 87% of full LRB thrust level then a damped or slow release system is necessary to
maintain thrust fitting loads to safe level.

The most flexible configuration is LO2/RP1 pump which either requires SSME ignition stagger
and SRB structural stiffening to maintain deflections within the GSE capabilities. Limiting on pad
deflections by increasing the structural stiffness only, while maintaining the diameter (13.7ft)
results in considerable structural weight increase.

LO2/RP1 pressure fed booster is the most stiff configuration. The on pad deflections are well
within the current GSE capabilities.
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